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The nature of the crystalline phase present in gallium oxide ﬁlms grown by pulsed-laser deposition on c-cut
sapphire substrate has been studied. Amorphous, polycrystalline or epitaxial gallium oxide ﬁlms can be obtained
depending upon the oxygen pressure during the growth in the 400–500 °C temperature range. Detailed pole ﬁg-
ure measurements on epitaxial ﬁlms demonstrate that the monoclinic β-Ga2O3 phase grows epitaxially on c-cut
sapphire substrates at T = 500 °C under a 10−5 mbar oxygen pressure. Two distinct textures were evidenced,
i.e., the (201) and (101) planes of the monoclinic β-Ga2O3 phase being parallel to the c-cut sapphire substrates.
The corresponding epitaxial relationshipswere determined and interpreted in the frame of the domainmatching
epitaxy. The differences in the two textureswere correlated to the various atomic conﬁgurations in the (201) and
(101) planes of the monoclinic β-Ga2O3 phase.
1. Introduction
Gallium oxide is a wide band gap (4.9 eV) material, whose physical
properties can lead to applications in various domains [1–6]. As a result,
the growth of Ga2O3 thin ﬁlms has been studied by the main chemical
and physical deposition methods [7–14]. The structural characteristics
and physical properties of these gallium oxide ﬁlms are very sensitive
to the growth conditions [15], so that the ﬁlms can be either electrically
insulating or conductive, opaque or transparent, and crystalline or
amorphous [11,12]. Moreover, the importance of oxygen composition
was evidenced [16], through a chemically driven insulator to metal
transition in highly deﬁcient gallium oxide (Ga2O2.44) ﬁlms. These re-
sults were explained by the formation of a sub-stoichiometric and
conducting phase mixed with a stoichiometric Ga2O3 insulating phase
[16]. For larger oxygen deﬁciencies (Ga2O2.3), the oxide was found to
be not stable, and a phase separation occurs leading to the synthesis of
Ga nanoparticles in a stoichiometric Ga2O3matrix [11,12], i.e., formation
of nanocomposite oxide ﬁlms. Resistivity measurements of such nano-
composite ﬁlms evidence the melting and the freezing of the Ga clus-
ters, and their superconducting transition [11,12]. Such an inﬂuence of
the oxygen deﬁciency on the nature and properties of oxide ﬁlms has
also been evidenced in other oxide compounds [17–20], by the forma-
tion of nanocomposite oxide ﬁlms via the phase separation.
The structural characteristics of these oxygen deﬁcient Ga oxide
ﬁlms have not been precisely presented [11,16]. The aim of this paper
is thus to report on the structural characteristics (nature of phase, ﬁlm
textures and epitaxial relationships with the substrate) of Ga oxide
ﬁlms formed on c-cut sapphire substrates. Bulk Ga2O3 has been report-
ed to crystallize in ﬁve different structures, i.e., the α, β, δ, γ and ε
phases, but the β-Ga2O3 monoclinic phase (a = 1.223 nm, b =
0.304 nm, c = 0.580 nm and β= 103.70°) is the most stable whereas
the all other polymorphs are not stable and transform into the β
phase at sufﬁciently high temperature. In the case of thin ﬁlm on c-cut
sapphire substrates, the β monoclinic phase has been generally ob-
served [7,9,10,14], but the presence of the hexagonal α phase has
been also reported [21]. Some works have shown that the crystalline
structure of doped or not Ga oxide ﬁlms could not be identiﬁed with
the βmonoclinic phase [22–24]. Indeed the X-ray diffraction diagrams
could be due to the not clearly known ε phase [22]. Moreover, it was
suggested that this ε phase could be described with an orthorhombic
structure [24]. The precise axes parameters and stability domain of
this possible orthorhombic (a = 0.512 nm, b = 0.879 nm, c =
0.941 nm) ε phase were further studied and calculated [25]. In this
paper we present results dealing with the nature (monoclinic or ortho-
rhombic) of the crystalline phases present in Ga oxide ﬁlms formed by
pulsed-laser deposition (PLD), on c-cut sapphire substrates. Depending
upon the conditions, amorphous polycrystalline or epitaxial ﬁlms have
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been obtained. This paper emphasizes the case of epitaxial growth of
the monoclinic β-Ga2O3 phase, whose precise texture and in plane
epitaxial relationships with the substrate have been determined and
described in the frame of the domain matching epitaxy [26,27].
2. Experimental
Ga oxide thin ﬁlms (in the 50 to 500 nm thickness range) were
grown by PLD by focusing a frequency quadrupled Nd:YAG laser
(λ= 266 nm, τ= 7 ns, 5 Hz repetition rate) onto a Ga2O3 ceramic tar-
get, the experimental set-up being presented elsewhere [28]. Pulses in
the 0.5 to 2 J/cm2, i.e., in the 50 to 200 · 106 W/cm2 power density
range, were ﬁred on the target, whose distance to the substrate
was equal to 5.5 cm. The ﬁlm growth on c-cut sapphire substrates
was carried out under controlled pressure, between the base pres-
sure (5 · 10−7 mbar) up to 0.1 mbar in oxygen pressure. The sub-
strate temperature was regulated in the 300 to 500 °C range. After
the deposition, ﬁlms were allowed to cool to room temperature
under the same oxygen pressure used for the growth.
The thickness and composition of the ﬁlms were determined by
Rutherford backscattering spectrometry (RBS), using the 2 MeV Van
de Graaff accelerator of the INSP. Suchmeasurements gave composition
determination for the Ga cations, with a rather good accuracy, while the
oxygen content was only determined with a 4% precision, owing to the
low RBS yield on light elements like oxygen.
The crystalline structure of the ﬁlmswas studied byX-ray diffraction
analyses (XRD) using the PANalytical Xpert MRD diffractometer at the
INSP and at the ENSAM. The nature of the phases was investigated
either in the Bragg–Brentano mode or in the grazing incidence geome-
try, and by asymmetric diffraction, i.e., pole ﬁgure measurements [9,
29]. In this last geometry, the epitaxial relationships between gallium
oxide ﬁlms and single crystal substrates were studied and the precise
in-plane orientations between ﬁlm and substrate were determined.
3. Results and interpretations
Previous studies on the PLD process have shown that the oxygen
incorporation in oxide ﬁlms can be controlled by the laser ﬂuence
and oxygen pressure PO2 during the growth [17,30–32]. It follows
that the pertinent parameter governing the nature, composition
and properties of the Ga oxide ﬁlms is the ratio of the ﬂux of gallium
[Ga] and oxygen [O] atoms reaching the surface of the growing ﬁlm,
i.e., the ratio [Ga]/[O] [31].
For high PO2 (10
−1 mbar), the oxygen ﬂux is largely higher than the
Ga ﬂux emitted by the target, and stoichiometric Ga2O3 ﬁlms are grown
[11,12]. For decreasing oxygen pressure (down to 10−4 mbar), the ratio
[Ga]/[O] increases and as a result, the incorporation of oxygen atoms in
the ﬁlms decreases, leading to the formation of oxygen deﬁcient Ga
oxide, i.e., Ga2Ox with 2.5 b x b 3. On the other hand, the ﬁlms grown
under vacuum (5 · 10−7 mbar), are largely oxygen deﬁcient (Ga2Ox
with x b 2.3). Between these two extreme cases, an intermediate situa-
tion can be observed. Indeed, at 10−5 mbar and moderate laser power
density, insulating and slightly absorbing Ga2O2.5 ﬁlms are grown.
In the present work, all the Ga oxide ﬁlms grown on c-cut sapphire
substrates at PO2 higher than 10
−5 mbar and T b 400 °C were found to
be optically transparent, insulating and amorphous [11,12]. Such a be-
havior has been already reported [23], and it could be the consequence
of the disorder introduced by the signiﬁcant oxygen deﬁciency and/or
to the low substrate temperature, which does not allow the crystalliza-
tion of the ﬁlms.
The ﬁlms grown under vacuum (residual pressure: 5 · 10−7 mbar)
were found to be widely oxygen deﬁcient (Ga2O2.3), optically absorbing
in the UV–Visible domain, electrically conducting [11] and polycrystal-
line. Fig. 1 represents typical diffraction patterns (in the grazing inci-
dence geometry) for a ﬁlm corresponding to a Ga2O2.3 composition.
Numerous broad and low intensity peaks superimposed on a noticeable
background are observed in this diagram, indicating that a fraction of
the ﬁlm is in the amorphous state. For comparison purpose, the position
and intensity of the diffraction peaks of the monoclinic β-Ga2O3 phase
(as given in the JCPDS 43-1012 ﬁle) are presented in this ﬁgure. A rather
good agreement is observed between the peak positions and the exper-
imental diagram which would indicate that the β-Ga2O3 phase is
formed in the ﬁlm grown under residual pressure. Previously [22] it
has been reported that the diffraction diagrams of gallium oxide ﬁlms
could be identiﬁed with the diffraction peaks of the ε-Ga2O3 phase
(JCPDS 11-0342 ﬁle). As the angular position of some of the diffraction
peaks of this ε phase are very close to those of the β-Ga2O3 phase, it is
not a priori possible to completely exclude the presence of this phase
in the ﬁlm.
In the intermediate oxygen pressure regime (about 10−5 mbar),
crystalline gallium oxide thin ﬁlms on sapphire substrates were obtain-
ed for temperatures higher than 400 °C. Fig. 2 represents a typical XRD
diagram recorded in the Bragg–Brentano geometry, for a ﬁlm grown
at 10−5 mbar and 500 °C. Three intense and well deﬁned peaks are
observed in this diagram. These three peaks were already reported in
the literature for Ga oxide ﬁlms grown on c-cut sapphire [23,24], and
can be attributed to either the (201), (402) and (603) planes of the
Fig. 1. X-ray diffraction diagram in grazing incidence for a gallium oxide ﬁlms grown on a
c-cut sapphire substrate at 400 °C under 5 · 10−7 mbar (residual pressure).
Fig. 2. X-ray diffraction diagram in the Bragg–Brentano geometry for a gallium oxide ﬁlm
grown in a c-cut sapphire substrate at 500 °C under 10−5 mbar. The inset shows the
rocking curve recorded for the peak at 2θ= 38.5°.
monoclinic β-Ga2O3 phase, or the (002), (004) and (006) planes of the
orthorhombic phase which has been proposed as the crystalline
structure of the ε phase [24]. Accordingly, these ﬁlms present either
a (201) texture (monoclinic phase) or a (002) texture (orthorhombic
phase). The rocking curve corresponding to the 18.9° peak is presented
in the inset of Fig. 2 and shows a rather wide FWHM(more than 2°), i.e.,
the mosaicity of such ﬁlms is important.
The simple XRD diagram presented in Fig. 2 does not permit to
choose between the two Ga2O3 phases, the βmonoclinic and the ortho-
rhombic phase previously described [25]. To gain more information on
the nature of the phase, asymmetric diffraction was used through pole
ﬁgure measurements [9,29]. Fig. 3 represents typical poles ﬁgures re-
corded on a ﬁlm grown at 10−5 mbar and 500 °C, with the following
2θ values: 15.7, 18.9 and 30°. The ﬁrst one (15.7°) is only present in
the monoclinic β-Ga2O3 phase, while the others correspond to
diffracting planes present in both the monoclinic and orthorhombic
phases. All these pole ﬁgures present intense and well deﬁned poles in-
dicating that epitaxial gallium oxide ﬁlm has been grown on the c-cut
sapphire substrate.
For a given pole ﬁgure corresponding to a diffraction angle 2θ, it is
possible to calculate the declination angles ψ associated with the
diffracting planes in themonoclinic and orthorhombic structure respec-
tively. Then it is possible to compare these theoretical values to those
experimentally deduced from the pole ﬁgures, and Table 1 presents
these results. For each 2θ value, the experimental values of ψ are
given, as well as the diffracting planes (hkl) of the monoclinic and or-
thorhombic phases corresponding to the 2θ value, and the expected
declination angle ψ for the two phases. Table 1 shows thus that the
poles observed in Fig. 3 cannot be due to the orthorhombic phase. Actu-
ally the calculatedψ values of the poles for this orthorhombic phase [25]
are generally largely different from those experimentally observed, and
only a few ones are in agreement. It is thus possible to exclude the pres-
ence of the orthorhombic phase in the ﬁlm.
On the contrary all the poles in Fig. 3 can be interpreted in the frame
of themonoclinic β-Ga2O3 phase but with two different textures. In fact
by looking at Fig. 3b, obtained for 2θ value equal to 18.9°, i.e., the
diffracting angle of the (201) plane of the β-Ga2O3 phase, one can ob-
serve a central pole (corresponding to crystallites with the (201) tex-
ture), and six poles located at a declination angle ψ= 72.5°. These six
poles cannot be due to crystallites with the (201) texture, and are solely
explained by assuming the presence of crystallites with the (101) tex-
ture. Indeed, the calculated ψ value for the (101) oriented crystallites
corresponds exactly to the experimental value of the declination
angle. In the same way, for 2θ= 15.7° (Fig. 3a), the poles observed at
ψ=50° are due to the (201) oriented crystallites, while the poles pres-
ent at ψ=23° correspond to (101) oriented crystallites. On all the pole
ﬁgures, the poles were identiﬁed with diffracting planes of crystallites
presenting either the (201) or (101) textured orientation (see Table 1).
Let us notice that a diffraction peak corresponding to the (101) plane
of the β-Ga2O3 phase is not observed in the diffraction diagram (Fig. 2),
owing to the extinction rules of the monoclinic phase (see JCPDS 43-
1012 ﬁle). On the other hand, the (201) and (101) planes show a very
similar rectangular lattice with the following lattice parameters a =
0.304 nm and b = 1.472 nm for the (101) plane and a = 0.304 nm
and b = 1.469 nm for the (201) plane. Moreover, these two families
of planes are polar, i.e., planes only constituted by either oxygen or gal-
lium atom, and this point can play a role on the growthmechanism (see
below). Despite these similarities, a difference appears between these
two textures. Indeed, in Fig. 3b, the sum of the intensity of the 6 poles
corresponding to the (101) crystallites is about 7 times lower than
that of the single central pole characteristics of the (201) texture. The
(201) texture appears thus most likely than the (101) one, i.e., the
(201) texture is more energetically favorable for the growth of
the β-Ga2O3 phase on c-cut sapphire substrates than the (101)
texture.
Previously it was reported that epitaxial (201)-oriented β-Ga2O3
ﬁlms were grown on c-cut sapphire substrates grown by various
methods [7,10,14,33,34]. In these previous papers, pole ﬁguremeasure-
ments were not presented, the epitaxial growth of the β-Ga2O3 phase
Fig. 3. Pole ﬁgures recorded on a gallium oxide ﬁlm grown in a c-cut sapphire substrate at
500 °C under 10−5 mbar for 2θ values equal to 15.7° (a), 18.85° (b) and 31.7° (c).
was only deduced from ϕ scan measurements which do not permit to
evidence the existence of the (101) texture in the ﬁlms. More recently,
monoclinic β-Ga2O3 ﬁlms have been prepared by Ga evaporation in ox-
ygen plasma on c-cut sapphire substrates [9] and a pure (201) texture
was solely observed in X-ray diffraction analysis (Bragg–Brentano
mode and pole ﬁgure measurements), the (101) texture being not ob-
served. The origin of this difference with the present work has to be re-
lated the different growth methods, i.e., Ga evaporation in oxygen
plasma [9] and PLD of a Ga2O3 target in this work. More precisely, for
Ga evaporation in oxygen plasma, the deposition rate was kept in the
0.1 to 0.15 nm/s range at 800 °C [9]. Due to this low deposition rate
and to the high substrate temperature (800 °C), the incident species
could diffuse on long distances in order toﬁnd the lower energy crystal-
lographic site. The formation of themost energetically favorable texture
will thus occur in these conditions, i.e., the (201) texture will be ob-
served. On the contrary, in PLD a high deposition rate per pulse (about
0.1 nm per pulse) is observed as it is the case in the pulsed-energy de-
position methods [35]. Assuming a 10 μs duration time of arrival of
the species emitted by the target during a laser pulse, the instantaneous
deposition rate can be estimated of the order of 104 μm/s. With such a
high instantaneous deposition rate and a lower substrate temperature
(500 °C), the high ﬂux of species reaching the surface of the growing
ﬁlm will “quench” at least partly the ﬁlm structure, as atoms will not
have sufﬁcient time tomigrate at the ﬁlm surface to ﬁnd themost favor-
able crystallographic site. As a result both the (201) and (101) textures
will be observed in ﬁlms grown by PLD, despite the fact that the (201)
texture seems more energetically favorable for the growth of the β-
Ga2O3 phase on c-cut sapphire substrates than the (101) texture.
In Fig. 3, the [0110] in-plane direction of the c-cut sapphire sub-
strates is indicated in each pole ﬁgure, and this allows deducing the
in-plane epitaxial relationships between the ﬁlm and the substrates
for the two textures:
102½  f== 10:0½ s and 010½  f== 21:0½ s for the 201
 
texture
101
h i
f
== 10:0½ s and 010½  f== 21:0½ s for the 101ð Þ texture
where the subscripts f and s stand for the gallium oxide ﬁlm and c-cut
sapphire substrate respectively.
Fig. 4a schematically represents this epitaxial relationships through
the superposition of the rectangular (201) β-Ga2O3 plane on the hexago-
nal (0001) sapphire plane. As the (201) and (101)β-Ga2O3 planes present
a similar rectangular lattice, the case of the (201) plane is solely shown in
thisﬁgure. The schemapresented in Fig. 4a and its variants corresponding
to the three-fold symmetry of the (0001) sapphire plane and the two-fold
symmetry of the (201) (or (101)) β-Ga2O3 plane, explain the poles ob-
served in Fig. 3. In addition to the difference in lattice symmetry, a notice-
able lattice mismatch exists, especially along the [010] axis of the ﬁlm. In
such a case, the epitaxial relationships can be classically interpreted in the
frame of the domain matching epitaxy or extended atomic distance mis-
match approach [26,27], in whichm lattice units of the ﬁlmmatchwith p
lattice units of the substrate. The values ofmandp are deﬁned as themin-
imum integers which satisfy the relation:
mdf≈pdS or df=dS≈p=m
df and ds being the respective lattice parameter in the ﬁlm and substrate
parallel directions [26,27]. The corresponding lattice mismatch δ can
therefore be deﬁned [27] by:
δ ¼ 2 mdf–pdS½ = mdf þ pdS½ :
These results are summarized in Table 2. Due to the similarity in lattice
for the (201) and (101) planes, very similar values of latticemismatch are
obtained.
It has to be noticed that the poles in Fig. 3 present a broad azimuthal
extension. This could be due to a large in-planemosaicity of the crystallite
orientation, but it could also be due to the presence of another in-plane
epitaxial orientation as it has been previously observed [36]. Indeed,
Fig. 4b shows this other epitaxial relationship, related to the following
alignment:
132½  f== 11:0
h i
s
for the 201
 
texture
131½  f== 11:0
h i
s
for the 101ð Þ texture:
The corresponding matching and lattice mismatch are given in
Table 2, and are very similar. The epitaxial relationships schematized
Table 1
Experimental and calculated ψ values for the β-monoclinic and orthorhombic Ga2O3 phases for some diffraction peaks of the ﬁlms.
2θ (°) Ψ (°) exp Ψmonoclinic β Ψ orthorhombic
(hkl) Texture (201) Texture
(101)
(hkl) Texture (002)
15.7 23
50
(001)
(001)
49.97 22.5
18.9 0
72.5
(201) 0 72.50 (002) 0
24 15 (201) 14.46
30 24
54
(401)
(400)
23.47
53.73
53.78 (013) 19.64
31.7 23
50
(202)
(002)
(202)
(002)
22.5
49.97
22.52
49.99
(031)
(122)
72.71
54.67
38.3 0
53
72.5
(402)
(311)
(402)
0
52.9
72.50 (004) 0
48.6 47
63
(511)
(510)
46.85
62.23
62.27 (213)
(231)
51.93
78.42
58.3 0
38.5
72.5
(603)
(313)
(603)
0
38.24
72.50 (006)
(035)
(312)
0
32.72
70.41
64 36
72
(204)
(221)
(121)
36.23
72.12
36.26
72.13
(205)
(135)
36.33
36.50
in Fig. 4b is related to the fact that in the (201) (or (101)) plane of theβ-
Ga2O3 phase, the [132] and [102] directions (or [131] and [101] for the
(101) plane) are separated by a 31.83° (or 31.74°) angle which is rather
close to the 30° value which is the angle between the [110] and [100] of
the sapphire substrate. Owing to the broad in plane extension of the
poles presented in Fig. 3, it is not possible to distinguish between the
two epitaxial relationships. Actually, precise φ scans were performed
on various poles and a typical example is presented in Fig. 5. A broad
peak with about 8° FWHM can be observed, and simulations were car-
ried out to ﬁt this curve. As shown in Fig. 5, it is possible to obtain a
good ﬁt by the sum of three peaks with a central one corresponding to
the alignment described in Fig. 4b, and two other peaks located at
±1.8° corresponding to the alignment of Fig. 4a. It can thus be conclud-
ed that the broad azimuthal extension of the poles can be due to the
presence of the epitaxial relationships schematized in Fig. 4a and b.
Precise transmission electron microscopy and electron diffraction
analyses have been recently carried out on (201) oriented β-Ga2O3
ﬁlms grown byGa evaporation in oxygen plasma on c-cut sapphire sub-
strates [37]. The results show that various in-plane orientations of the
ﬁlm on the substrate can exist, i.e., instead of a ﬁxed 60° rotation be-
tween all the six variants, values of the rotation equal to 58.2 and
63.6° have been reported [37]. Such values are in agreement with the
two distinct in-plane orientations described in Fig. 4b.
Table 2 shows that the lattice mismatch is almost the same for the
epitaxial relationships of the two textures. Two questions have to be
considered: (i) what is the origin of these particular (201) and (101)
textures, and (ii) why the (201) texture is favored over the (101) one,
the lattice mismatch being the same in the two cases.
First let us note that the (001) plane of the sapphire substrate is a
polar plane with either solely oxygen or aluminum atoms. As a conse-
quence, the ﬁrst plane of the Ga oxide ﬁlm would be preferentially a
polar plane, either oxygen or gallium plane depending upon the nature
of the surface plane of the sapphire substrate. The (201) and (101)
planes of the β-Ga2O3 phase being polar planes, the preferential growth
of (201) or (101) oriented crystallites would be thus favored with re-
spect to the other non-polar planes of the β-Ga2O3 phase.
Then the precise atomic conﬁguration in the (201) and (101) planes
of the β-Ga2O3 phase have to be taken into account to explain the fact
that the (201) plane is the most favorable for the epitaxial growth of
the β-Ga2O3 phase on c-cut sapphire substrate. In this frame, consider-
ing as it is generally the case that the last atomic plane of the c-cut
sapphire substrate is an oxygen plane, the ﬁrst plane of the β-Ga2O3
ﬁlm would be a Ga plane either (201) or (101). Fig. 6 schematically
represents the atomic conﬁgurations in these two planes, following
Fig. 4. Schematic representation of the ﬁrst (a) and second (b) possible in-plane epitaxial
relationships between the (201) oriented gallium oxide ﬁlm and the c-cut sapphire
substrate.
Table 2
Epitaxial relationships for Ga2O3 ﬁlms on c-cut sapphire substrate for the (-201) and (101) textures. The corresponding matching and lattice matching are given.
Phase Texture Epitaxial relationships Matching Lattice mismatch
Monoclinic β (−201) [102]f // [10.0]s
[010]f // [21.0]s
[132]f // [11.0]s
1 df≈ 3 ds
8 df≈ 3 ds
1 df≈ 2 ds
δ≈ 2.8%
δ≈ 1.7%
δ≈ 4.8%
(101) [101]f // [10.0]s
[010]f // [21.0]s
[131]f // [11.0]s
1 df≈ 3 ds
8 df≈ 3 ds
1 df≈ 2 ds
δ≈ 3%
δ≈ 1.7%
δ≈ 4.8%
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Fig. 5. φ scan on a pole recorded at 2θ=31.7° and ψ=50° for a gallium oxide ﬁlm grown
in a c-cut sapphire substrate at 500 °C under 10−5 mbar.
theβ-Ga2O3 crystal data reported [38]. In Fig. 6a corresponding to the (2
01) β-Ga2O3 case, it must be noticed that all the Ga ions are perfectly lo-
cated in the plane (see the transverse section A–A). Then these Ga ions
are located in a conﬁguration looking like an irregular hexagonal distri-
bution. In fact the Ga–Ga ion distances are either 0.464 or 0.530 nm,
leading to angles equal to 120.67 or 118.64° in the “hexagon like”
conﬁguration, instead of 120° in a regular hexagon.
On the other hand, in Fig. 6b corresponding to the (101) β-Ga2O3
plane, the Ga ions are not all located in such a plane as shown in the
transverse section A–A. Moreover the Ga ions in the (101) β-Ga2O3
plane are aligned on parallel rows alternately separated by 0.667 or
0.807 nm. Such a Ga arrangement does not allow the formation of a
hexagon like conﬁguration similar to that present in the (0001) Al2O3
plane. In this case, the Ga ions of the (101) plane do not present a
good coincidence with the oxygen from the substrate. From this
Fig. 6a and b, the Ga atomic distribution in the (201) plane seems
more suitable to obtain a low interfacial energy due to the hexagon
like conﬁguration in this plane.
Another approach to understand the preferential (201) texture with
respect to the (101) one is to look at the oxygen sub-network. Actually
in the oxidematerials with a pronounced ionic character like Ga2O3, the
crystalline structure depends mainly upon the oxygen sub-network. In-
deed, owing to the difference in ionic radii, 0.14 nm and 0.083 nm for
the oxygen and gallium ions respectively, the Ga cations behave like
“interstitials” in the oxygen sub-network, ensuring the oxide stability
through theGa–O interactions. In such a case, theﬁlm epitaxy can be ex-
plained by considering the oxygen arrangement in the ﬁlm as an almost
continuous extension of the close packed anion network of the sapphire
substrate [36,39]. In this frame, the epitaxial growth of the Ga oxide can
be the result of the continuity of the oxygen sub-network through the
ﬁlm–substrate interface as it has been previously assumed [40]. For a
long time it has been reported that (201)-oriented β-Ga2O3 thin ﬁlm
is formed on c-cut sapphire substrate owing to the similar oxygen
arrangement of these planes [21,40]. However such a statement is not
absolutely correct. Indeed, Fig. 7a represents the oxygen atoms distribu-
tion in this plane and as shown by the transverse section A–A, all the
oxygen atoms are not really located in the plane. Then, considering
only the oxygen atoms really in the plane, it can be noticed that these
oxygen atoms present an irregular hexagon repartition with two O–O
distances: 0.496 and 0.515 nm, while the oxygen distribution in the
c-cut sapphire plane corresponds to a regular hexagon with a single
one O–O distance equal to 0.476 nm.
For comparison purposes, Fig. 7b represents the oxygen atoms dis-
tribution in the (101) plane. First, the transverse section A–A that
these atoms are not strictly located in the plane, and their distribution
can correspond to three distinct irregular hexagons, whose dimensions
are given in the table. By comparison with Fig. 7a, the schema (Fig. 7b)
Fig. 6.Ga atoms' arrangement in the (201) plane (a) and (101) plane (b) of themonoclinic
β-Ga2O3 phase. The transverse sections show the positions of the atoms with respect to
the plane.
Fig. 7.Oxygen atoms' arrangement in the (201) plane (a) and (101) plane (b) of themono-
clinicβ-Ga2O3 phase. The transverse sections show the positions of the atomswith respect
to the plane.
shows a more important “disorder” in the oxygen atomic positions,
leading thus to a large deformation of the hexagons of the oxygen
sub-network in the (101) texture. This particular point could be at the
origin of the preferential (201) texture which is experimentally ob-
served in this work.
4. Conclusion
The nature of the crystalline phase present in gallium oxide ﬁlms
grown by PLDon c-cut sapphire substrates has been studied. Under vac-
uum (10−7 mbar), polycrystalline ﬁlms are obtained whose diffraction
diagrams are compatible with the β or ε-Ga2O3 phases. At oxygen pres-
sures higher than 10−5 mbar, amorphous gallium oxide ﬁlms are
formed, while in the intermediate range (10−7–10−5 mbar), β-Ga2O3
epitaxial ﬁlms are grown. Two distinct textures are observed with the
(201) and (101) planes parallel to the c-cut sapphire surface. The vari-
ous epitaxial relationships were deduced from pole ﬁgure measure-
ments, and the corresponding matching and lattice mismatch were
obtained in the frame of the domain matching epitaxy. The (201) tex-
ture seems to be more energetically favorable for the epitaxial growth
owing to the atomic conﬁguration of this plane.
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